Abstract-Manufacturers today often strive toward early supplier involvement in product development. Yet the research literature offers limited guidance on this issue to manufacturing companies and suppliers, and often assumes a "one-size-fits-all" approach. In this paper, we empirically examine whether suppliers for different sourced products play distinctly different roles in product development, by analyzing survey data on a wide range of sourced automotive products. We use cluster analysis to identify four different groupings of sourced products, based on differences along three dimensions: the nature of the sourced products, their cost structures, and the nature of the original equipment manufacturer (OEM)-supplier interaction in product development. We further test the usefulness of our scheme via a set of validating variables that include both key decisions and output performance measures in the OEM-supplier interaction process. We identify Critical systems as highly differentiating, high cost, highly complex systems, for which OEMs provide information to their suppliers largely through performance specifications, and involve suppliers early in product development. In contrast, hidden components are less differentiating low-cost simple components that are defined primarily via physical specifications, whose suppliers are involved later in product development. Invisible subassemblies are nondifferentiating, moderately costly, moderately complex systems whose suppliers are provided information via a mix of performance specifications and detailed physical dimensions. Finally, simple differentiators are highly differentiating, moderately costly, simple assemblies or components. We discuss the implications of our study for managing differential supplier roles in product development.
I. INTRODUCTION

M
ANUFACTURERS today often strive toward early supplier involvement in product development [3] . Yet, the research literature offers limited guidance to manufacturing companies and suppliers. Much of the literature promotes earlier and greater supplier involvement, without considering whether different strategies might be appropriate for different types of suppliers [1] , [22] . In practice, original equipment manufacturers (OEMs) and their suppliers struggle to find the appropriate relationship model.
In our experience, we have observed that early involvement of suppliers of some types of products adds limited value, and can in fact, add cost and slow down the development process. For example, a supplier of exhaust systems noted that a U.S. vehicle manufacturer generated needless design iterations by involving the exhaust supplier before the "engine strategy" had stabilized. Though the exhaust system must be precisely tuned to the engine characteristics, most of the fine-tuning can be done with minor adjustments to the exhaust system design. Involving the exhaust supplier early encourages customer engineers to constantly request tuning iterations that have no effect on the engine design, and that ultimately have to be repeated once the engine design stabilizes. Clearly such "early supplier involvement" does not add value commensurate with its cost. Since neither customers nor suppliers fully understand the underlying model, many suppliers have taken on broader roles in product development, without generating real value to the customer. Our observation within the automotive industry suggests that both parties are frustrated over rising supplier costs, combined with inadequate performance improvement or cost reduction in the end product.
Recently, researchers have begun to examine the need for tailored supplier roles in product development. Kamath and Liker [14] studied the relationships between Japanese carmakers and their suppliers, via extensive case-based research. They identified four different supplier roles, ranging from partners to contractual suppliers, which differ in the complexity of the products supplied, the suppliers' technological capability, and the extent and timing of supplier involvement in product development. Partners, such as Nippondenso, are responsible for entire subsystems and have excellent technological capability. The vehicle manufacturers involve partners very early in product development, allowing them to suggest solutions to meet customer performance requirements. In sharp contrast, contractual suppliers provide standard parts based either on a detailed design from the OEM, or a design selected from a supplier catalog. In the middle of the spectrum, mature suppliers provide complex assemblies, which they design based on customer specifications, while child suppliers provide simple assemblies designed entirely by the customer.
In this paper, we empirically examine whether suppliers of different sourced products play distinct roles in product development, building on the case-based framework of Kamath and Liker [14] . We surveyed the suppliers and OEM customers of a wide variety of sourced automotive products, ranging from complex systems to simple components. We then used cluster analysis to classify the sourced products into natural groupings based on differences along three dimensions: the nature of the products, their cost structures, and the nature of OEM-supplier interaction in product development.
We measured the nature of each sourced product using three variables: interface complexity, rate of technological change, and end-consumer perception influence. Of these, the first two have been considered in prior research examining supplier roles in product development [14] , [17] , [23] . Since sourced products impact end-consumer perceptions through both looks and nonvisual cues, we decided to measure the degree of consumer influence, in order to discern whether suppliers of highly differentiating products are managed differently from those of less differentiating products. We captured the cost structure for each sourced product using three variables: unit product cost, amortized development cost, and manufacturing scale. We characterized the nature of the OEM-supplier interaction in product development by the type of specifications passed to the supplier, ranging from high-level performance specifications to detailed physical specifications. Kamath and Liker [14] used a similar measure.
Our data analysis revealed four distinct and logically appealing clusters of sourced products. Based on our analysis, we developed an appropriate label for each cluster. Critical systems are highly differentiating, high-cost, highly complex systems, such as climate control systems, for which OEMs provide information to their suppliers largely through performance specifications. In contrast, hidden components are less differentiating, low-cost, simple components, such as door locks, that are defined primarily via physical specifications. Invisible subassemblies are nondifferentiating, moderately-costly, moderately complex systems, such has wire harnesses. Suppliers of invisible systems are provided information via a mix of performance specifications and detailed physical dimensions. When compared with critical systems, this cluster suggests, interestingly, that not all relatively complex costly products have a strong influence on consumer perceptions. Finally, simple differentiators are highly differentiating moderately-costly simple assemblies or components, such as integral steering and bumper facia. Among the two clusters of more differentiating products, OEMs are significantly skewed toward providing detailed physical specifications to suppliers of simple differentiators and performance specifications for critical systems. This suggests that the information transfer mechanisms between OEMs and suppliers vary for different types of differentiating products.
We further tested the usefulness of the groupings we identified, via a set of validating variables that included both key decisions and output performance measures in the OEM-supplier interaction process. We found that suppliers of critical systems are involved significantly earlier in product development than suppliers of hidden components. We found that hidden components have a significantly lower impact on warranty costs than any of the other groupings, which follows logically given their simple nature and low cost. This cluster also showed significantly higher incoming quality than clusters of more complex products (critical systems and invisible subassemblies). As another check for validity, our empirical findings broadly corroborate the framework proposed by Kamath and Liker [14] . Our two most different groupings, critical systems and hidden components, align quite closely with the two extreme roles identified by Kamath and Liker [14] : partners and contractual suppliers.
The remainder of the paper is organized as follows. In Section II, we briefly review relevant research. In Section III, we present the conceptual design of our survey instrument. In Section IV, we present our survey instrument and results. In Section V, we discuss the implications of our results for defining supplier roles in product development, and limitations of our study. Section VI contains concluding remarks and ideas for future research.
II. RELATED LITERATURE
A relatively recent stream of research in the area of purchasing has focused on buyer-supplier integration. Dyer [6] and Spekman [21] use company examples to demonstrate the value of close-knit buyer-supplier relationships, and provide guidelines for managing such relationships. Ramdas and Spekman [20] report that the use of information technology to integrate with suppliers is correlated with better supply-chain performance. Kalwani and Narayandas [13] examine the impact of supplier partnerships on supplier profitability.
A segment of the research on buyer-supplier integration has focused on the role of suppliers in product development. Burt and Soukop [2] discuss the benefits of integrating purchasing, as a preliminary step toward integrating suppliers, into new product development. Laseter et al. [16] posit that suppliers can create value through both product innovation and closer integration in the manufacturing and delivery process. Clark and Fujimoto [4] and Clark [3] provided empirical evidence of the impact of supplier integration in product development. They report that Japanese automotive companies achieved faster product development cycle times, despite a higher level of new component design, by using suppliers more extensively than their American and European counterparts.
Clark and Fujimoto [4] observed a worldwide shift toward greater supplier involvement in product development. Yet, the impact of early supplier involvement on product development performance is not well understood. In an electronics industry study of the impact of different acceleration techniques on product development time, Zirger and Hartley [24] found that early supplier involvement had no significant impact. In an exploratory study of automotive components, Hartley et al. [10] found that early supplier involvement had a significant positive impact on the supplier's perceived contribution in product development. This study focused on simple components, and, therefore, could not shed light on whether early supplier involvement was beneficial for other types of sourced products. In a related study, Hartley et al. [11] found that early supplier involvement did not result in fewer supplier-related delays in project completion.
In examining differential roles for suppliers in product development, our work is most closely linked with that of Kamath and Liker [14] . As mentioned earlier, their study identifies four distinct roles via case-based research in the Japanese auto industry. In contrast, we use cluster analysis of survey data to empirically determine a logical clustering of supplier roles.
III. RESEARCH DESIGN
Our goal was to develop an empirically driven conceptual framework for differential supplier roles in product development. We detail below the set of variables used to determine the clusters, and the set of variables used to test for predictive validity of the cluster solution.
A. Variables Used to Determine the Clusters
Drawing upon previous research, and our knowledge of product design and manufacturing in the automotive industry, we defined seven variables that we expected would influence appropriate roles for suppliers in product development. These variables capture information on the nature of the sourced products, their cost structures, and the nature of the OEM-supplier interaction in product development. In the second section of the survey, "Key Product Characteristics," we elicited data on each variable, using a seven point Likert scale. We asked one question on each variable. For three of the questions, we used quantitative ranges for each point on the Likert scale. For the remaining questions, to which responses were nonnumeric, but could be ranked from "low" to "high," we used a Likert scale along with descriptions and examples of high, medium, and low responses to improve calibration across respondents. We will now explain how each variable was defined and why it is likely to influence the role of suppliers in joint product development with the vehicle manufacturer.
1) Nature of the Sourced Product:
Interface Complexity: We measured interface complexity of a sourced product as a function of both the number of interfaces and the predictability of the interaction with other vehicle components. For example, the front grille of a vehicle has few physical interface points and a clearly predictable effect on the airflow to the radiator, resulting in low interface complexity. A wiring harness has moderate interface complexity since it has many physical and functional interfaces, but once again with clearly understandable interactions. An axle and suspension module provides an example of high interface complexity, since it has many physical interfaces, and system interactions that make key vehicle performance characteristics, such as steering and handling, difficult to predict. For this nonnumeric variable, higher numbers on the Likert scale were used to indicate a higher degree of Interface Complexity, so the scale ranged from a low end of few interfaces with high predictability to a high end of multiple interfaces with low predictability. Sourced products that have complex interfaces with other systems or components typically generate significant iteration to create optimal designs. We, therefore, expected suppliers of such products to be tightly integrated into the overall systems engineering process. Our measure of interface complexity is similar to a measure called "component interdependence," used by Liker et al. [17] , to assess how tightly the design of a sourced product was coupled with the design of the system into which it would be integrated. These authors found support for the hypothesis that the degree of component interdependence would affect the nature of supplier involvement [14] , [18] , [23] .
Technological Change: We measured the rate of technological change by the pace of significant performance improvements, by assigning a numerical range to each number on the Likert scale, ranging from less than one significant improvement per decade to more than one every three months. In research on technology management, Cohen et al. [5] defined the rate of technological change similarly, as the rate at which product or process innovations were introduced, also measured on a Likert scale. Significant improvements imply step function shifts such as the move from hydraulics to electronics, or improvements in semiconductor technology. This variable measures the macro rate of technological change in the supply industry, which should influence the frequency of supplier input into the OEM's product development process. For stable products such as body panels, technological evolution is relatively slow-for example a shift from steel to aluminum to plastic composites. In contrast, the semiconductor industry faces rapid change following "Moore's law," which predicts a doubling of processing power every 18 months. Sourced products experiencing a rapid rate of technological change may require more frequent design updates, and closer supplier-OEM integration, to quickly capture the benefits of improved technology in new vehicle models. In contrast, Kamath and Liker [14] report that sourced products such as gearshift levers, which experience little technology change, require relatively few design updates. However, precisely how the rate of technological change impacts design updates may be nonintuitive. For example, the rapid evolution of semiconductors need not result in tighter integration with suppliers. It could instead catalyze a shift to modular design, which would allow for frequent, low-cost adoption of the latest technology.
Consumer Influence: We measured consumer influence by asking how much a product impacts end consumer perceptions. For this nonnumeric variable, higher numbers on the Likert scale were used to indicate higher consumer influence. As an example, end consumers have limited perception into products such as brackets and under-hood body structures, while a car seat affects the consumer aesthetically (style, quality) as well as functionally (comfort, durability). Based on empirical evidence in the wristwatch industry, Ramdas and Sawhney [19] found that "below the skin" components impact consumer perceptions less than visible components. While we have seen no previous studies of supplier involvement that examine consumer influence, we would expect a product that greatly influences consumer perceptions to require better consumer understanding by the supplier to ensure appropriate design tradeoffs. Furthermore, since perception influencing items ultimately define the vehicle in the consumer's mind, OEMs may invest significant effort to set product specifications that can provide a competitive advantage.
2) Cost Structure: Product Cost: We measured product cost by asking for the total cost per unit of a typical "sourced package" from the supplier. A sourced package could consist of a complete subsystem, several identical items such as four identical tires, or a number of separate part numbers that are nonetheless sourced as a group to a single supplier, for example window glass. We assigned a numeric range to each point on the Likert scale, starting at less than $10 and ending at greater than $500. Sourced products that represent a significant portion of vehicle cost generally receive closer scrutiny in product development since cost variances for these products have a greater effect on the vehicle cost. Accordingly, we would expect supplier integration into the product development process to vary with the purchasing expenditure. We are unaware of previous empirical work examining the impact of sourced product cost on supplier involvement in product development.
Development Cost: We measured development cost on a piece-part basis, as the engineering development cost per unit divided by the product cost per unit. We chose to measure development cost on a piece-part basis because in our experience, supplier and OEM engineers are accustomed to thinking of it in these terms. To elicit responses, we assigned a numeric cost range to each point on the Likert scale, with piece-part development cost ranging from less than 1% to greater than 20% of the total product cost per unit. Relative development cost is a function of both absolute design effort in terms of people and machinery, and the production volume over which the cost is amortized. Since vehicle manufacturers focus on the key drivers of cost for each sourced product to manage the overall vehicle cost, we expect products for which development cost represents a significant portion of the overall product cost to experience more intense scrutiny during product development. We are unaware of previous empirical work examining the impact of sourced product development cost on supplier involvement in product development.
Manufacturing Scale: We measured the manufacturing scale by the degree of capital investment and the degree of flexibility of plant equipment, by using higher numbers on the Likert scale to indicate greater scale economies. Scale economies have an important impact on design strategy, independent of the cost of development. High scale economies drive product standardization to ensure high-volume low-cost manufacturing. For example, commodities like sheet steel require large-scale facilities for cost effective manufacturing. Where the economies of scale in manufacturing are relatively low, such as a simple assembly operation, suppliers are more likely to customize parts. Although some products, such as microprocessors, possess high-scale economies and also incur major development costs, the two need not be correlated. Both manufacturing scale and development costs can drive standardization, impacting supplier integration into the OEM's design process. Prior research has examined the impact of a related variable-the extent of sunk investment in manufacturing equipment-on make versus buy decisions [18] .
3) OEM-Supplier Interaction in Product Development: Product Clarity: We used this variable to measure the type of specifications passed between OEM and supplier. For this nonnumeric variable, the high end of a seven-point Likert scale indicated that the product specifications passed to the supplier focused on performance-output or results such as response time, stopping distances, or information accuracy. In contrast, the low end of the scale indicated that primarily physical specifications were passed to the supplier-specific dimensions, tolerances and material hardness ratings. The middle of the scale indicated products with mixed specifications. Fine and Whitney [7] have observed that how outsourcing firms convey information to suppliers-via customer needs versus via detailed specifications-is an important decision in supplier management. Clear measures of functional performance specifications enable the supplier to focus on the desired output of the product-its value to the consumer-rather than simply conformance to a drawing. Given functional goals, the supplier has more degrees of freedom in design, which can open up more opportunities to add value in the design process. Kamath and Liker [14] found that the types of specifications passed to suppliers varied systematically for different types of suppliers. Along similar lines, we posit that differences in the kinds of specifications passed on to supplier are indicative of different forms of integration between the vehicle manufacturer and the supplier.
We used an eighth variable, Physical Entities, to check the data on the remaining variables for validity and consistency. This variable gave us information on whether the sourced package was a single item (e.g., transmission), a set (e.g., movable glass for front, back, left and right), or mixed units (e.g., a complete braking system comprised of several distinct units). It helped us identify cases where a respondent had his/her own interpretation for one of our product codes. For example I43 in Table I could be interpreted as a seat set or a single seat.
B. Validating Variables
In the third section of the survey, we elicited data on seven additional variables for the selected sourced products, used for further model validation. Again, we measured each variable on a seven-point Likert scale. These variables fell into two classes. Three of the variables focused on decisions related to the sourced product, while the other four described performance or output metrics for the sourced product. For some of the variables, we hypothesized that different product clusters would have significantly different mean values. For others, we hypothesized that the mean differences would not be statistically different across clusters.
1) Customer Decision Variables:
Supplier Involvement Timing: This variable measured how much earlier than the start of production a supplier is involved in product development. A numeric range was assigned to each point on Likert scale, starting at less than four months prior, and ending at more than 30 months prior to production. For some sourced products, suppliers join the team early in the concept stage and play a significant role in shaping vehicle performance specifications. In other cases, the supplier does not play a significant role and accordingly joins the team much later. This can occur because the supplier's product ranks relatively low in importance in the vehicle design. Or, like the exhaust system supplier example cited earlier, the supplier may be unable to complete the design until the vehicle design team completes other system designs. Our experience suggests that suppliers of more complex, differentiating products should be brought into the design process earlier than those of less complex, less differentiating products. Prior research has measured supplier involvement timing by the stage of product development when the supplier was involved, for example, idea generation [10] . Since we focused on a single industry, we measured the months of supplier involvement prior to automobile launch. There may be some variability in our data due to differences in the total length of different auto projects.
Product Line Complexity: This variable measured the number of separate part numbers of the sourced product for a single vehicle model. A number or numeric range was assigned to each point on a Likert scale, ranging from a low value of one to a high value of over 20. Many factors drive product line complexity. For example, most vehicles come with multiple engine and transmission options because the powertrain has a major influence on certain consumer segments. As another example, vehicles often have many wiring harnesses to support a variety of feature levels. Due to the disparate reasons, we hypothesized that none of the clusters would show a consistently high degree of product line complexity. We did anticipate, however, that a logical cluster consisting of simple, low cost components with limited influence on the consumer might emerge. Previous empirical and theoretical research has shown that for components with limited consumer perception influence, the producer should try to limit product line complexity (Fisher et al. [8] , Ramdas and Sawhney [19] ). Backed by these findings, we hypothesized that such a grouping would show a significantly lower level of product line complexity than other clusters.
Design Philosophy: This variable measured the extent to which the OEM was responsible for design leadership. At one end of the spectrum, the OEM designs the product fully in-house. At the other extreme, the supplier takes the lead in meeting the OEM's explicit or implicit design requirements.
Supplier leadership could mean that the supplier provides either a custom product as a "black box" based upon the customer's needs, or an industry standard product with no customization. In the middle ground "gray box" philosophy, customers and suppliers work jointly and iteratively to create the final customized design. Kamath and Liker [14] reported that suppliers who played the role of true partners took the lead in design, whereas at the other end of the spectrum, OEM's took the lead in design for contractual suppliers. We anticipated that OEMs would take the lead in designing the more consumer critical products, which could be viewed as a core competence.
2) Supplier Performance Metrics: Impact on Warranty: This variable measured the degree to which the sourced product affected the vehicle manufacturer's annual warranty expenditure, ranging from low to major impact. Consumer warranty payments cost vehicle manufacturers billions of dollars per year. Vehicle manufacturers typically trace a portion of their warranty expenses back to sourced materials, and sometimes suppliers reimburse the vehicle maker. Whether reimbursed or not, some sourced products generate more warranty problems than others. We hypothesized that clusters of products with relatively low product complexity and low cost would incur low warranty costs.
Supplier Profitability: This variable measured net profits as a percentage of sales, after overhead charges and before taxes and interest. Many prior studies, including analyses in the automotive sector [12] , have gathered data on net profit as a percentage of sales. A range was assigned to each point on a Likert scale, going from a low value of negative net profits to a high value of over 20%. Though we realized it was potentially difficult for many respondents to accurately estimate supplier profitability, we hypothesized that we would find a significant difference between clusters. We anticipated a higher margin on sourced products with a high degree of performance specification clarity and a high rate of technological change, because such products can be "value priced."
Delivery Reliability: This variable measured the extent to which delivery of the sourced product resulted in scheduling problems for the vehicle manufacturer, ranging from poor to reliable delivery. Delivery reliability is an important metric in buyer-supplier interaction, and has been used in prior empirical research [12] , [20] . Different sourced products could potentially have different impacts on vehicle plant scheduling due to delivery reliability. For example, a sourced product offered in many variants, such as wiring harnesses, could present greater scheduling problems simply due to complexity independent of supplier capability. Similarly, products associated with customer options-such as antilock brakes-could have less predictable demand and accordingly be more prone to delivery issues. However, since delivery reliability primarily concerns manufacturing rather than product development, we hypothesized that the clusters would not differ significantly for this output measure.
Incoming Quality: As is typical in the automotive industry and in research studies of this industry, we measured the incoming quality of sourced products in parts per million (ppm) rejection rates, with higher values on a Likert scale indicative of lower quality. Since most automotive companies hold suppliers to common ppm rates, we anticipated that this variable would not vary across clusters. At a conceptual level, we hypothesized that if one of the clusters centered on aesthetic products such as body panels, it would show significantly lower incoming quality due to the higher likelihood of physical blemishes in such products.
IV. SURVEY INSTRUMENT AND ANALYSIS
We used a mail survey instrument to collect data. In developing the survey, we drew on the existing research on supplier roles in product development and our practical experience. To test for content validity and wording, we tried out the survey on a group of academics and practitioners with expertise on this subject, and altered it based on their suggestions.
The first section of our survey elicited general background data: the respondent's company name, company type, title, and functional responsibility. It also referenced a predefined architecture of 77 sourced products grouped into 13 major subsystems covering body and chassis, powertrain, and the interior (see Table I for the entire list). We intentionally included overlapping products within most subsystems, in recognition of the practice of sourcing at different levels of aggregation from components to modules. Each respondent was asked to select three sourced products of which he/she had detailed knowledge. In the rest of the survey, the respondent answered a series of questions on his/her three chosen sourced products. A copy of the survey may be obtained by writing the authors. Our survey analysis proceeded in three steps: A) analysis of responses, B) determination of clusters, and C) testing of predictive validity.
A. Analysis of Responses
We mailed 522 surveys to midlevel managers and engineers at OEMs and sourced product suppliers in the automotive industry, selected randomly from a mailing list published by the Society of Automotive Engineers (SAE). Of those surveys, 133 were returned for invalid addresses. Of the 389 possible respondents, 59 replied to the survey, yielding a 15% response rate. The survey design requested each respondent to identify upfront up to three different sourced products, of which they had detailed knowledge, to answer questions on.
We eliminated incomplete surveys and also reviewed each sourced product data point for validity and consistency. By examining the Product Cost variable in conjunction with the Physical Entities variable, we discovered that some respondents had addressed different sourced products under the same product code. The most common issue was of respondents coding a component of a large system under the product code provided for the system, in our product code list (Table I) . For example, a response classified under "transmission" (code P23) but rated with a $10 to $19 cost clearly referred to a component of the transmission rather than the whole. Accordingly, the product code and descriptions were modified to better reflect the intent of the respondent-often based upon additional notes provided by the respondent. The Physical Entities variable itself also highlighted differences in coding. For example, one respondent addressed only a single seat while another responded for a "seat set"-but both used the same product code. To clarify the distinctions, we added a new product code for the second response, with a modified description to reflect that it referred to a seat set rather than a single seat. After checking for completeness, consistency and validity, we were left with 50 usable surveys. Of these 50 responses, 78% offered to provide information on three, 12% on two, and 10% on one sourced product, yielding a sample of 134 data points, each for a sourced product. Based on the nature of the survey, and on examining the responses, we believe the multiple response design did not affect the results.
B. Determination of Clusters
We used the -means clustering technique, implemented in SPSS, to classify the data points into logical clusters. Though we also considered hierarchical clustering, we rejected that approach as less intuitively appealing for a large number of data points. The hierarchical approach sequentially combines the data, starting with each data point as a separate cluster and ultimately yielding two clusters, by combining the two most similar clusters at each stage to create a new cluster. For example, the three-cluster solution will contain two clusters that are carried over unchanged from the four-cluster solution, and a third cluster that is a combination of the remaining two clusters in the four-cluster solution. The -means approach allows for a more refined shift between the sequential cluster solutions because each of the clusters in an -cluster solution could have members drawn from any of the 1 clusters in the higher-level solution.
Determination of the most appropriate number of clusters remains a thorny issue in cluster analysis. We used three criteria to determine the most appropriate number of clusters. First, we used Lehmann's [15] guideline that the number of clusters be limited to between 30 to 60,where isthesamplesize.Therefore,only solutions with between two and four clusters were considered, although we also developed a five-cluster solution to verify our choice. Second, we sought descriptive validity via managerial interpretability of differences in the defining variables of the clusters, using the ANOVA and Scheffe pairwise comparison tests of mean differences [9] , and focusing only on differences that were statistically significant at the 95% confidence level. Based on these two criteria, we selected a four-cluster solution as most appropriate. For six of the seven defining variables (all except Technological Change), the null hypothesis that the four clusters had equal means was rejected at 0.001. On probing further, we found that Technological Change showed a low variance in responses across the entire sample, suggesting that our scaling may have covered too wide a range. Third, we tested for predictive validity of our solution by examining the mean values of the validating variables across the four clusters, testing for significant differences via the ANOVA and Scheffe tests, and also checking for managerial interpretability. Using this three-pronged procedure, we concluded that the four-cluster solution was most appropriate. In what follows, we discuss how we evaluated the criteria described above, for our data set. Fig. 1 uses color-coding to illustrate how cluster membership evolves between the five-cluster solution and the two-cluster solution for our data set, using -means clustering. We will refer to this figure in the following discussion, to interpret the evolution of the clusters.
In interpreting each cluster solution, we looked for differences in the cluster means, along each of the defining variables. We used a simple F-test to identify these differences for the two-cluster solution, and a Scheffe test to compare significant pair-wise differences in means for cluster solutions with more than two clusters.
We use radar charts to display and interpret the results of our cluster analysis. Fig. 2 visually documents the two-cluster solution. The axes of the chart correspond to each of the seven independent variables as labeled, with values progressing from one at the center to seven at the outside edge. We found that the two-cluster solution separated the data points scoring high on all dimensions from the lower scoring data points. The three-cluster solution maintained this separation between high-scoring and low-scoring data points in two of its clusters, but also broke out a new cluster (Cluster 3) consisting of products with low interface complexity and high impact on consumer perceptions (see Fig. 3 ). Interestingly, the new cluster rated the lowest on Interface Complexity forcing the original low-value cluster in the two-cluster solution to the middle ground on this dimension.
The four-cluster solution produced another new grouping (cluster 4) consisting of products with extremely low influence on the consumer, but reasonably high interface complexity and moderately high product cost (see Fig. 4 ). Returning to Fig. 1 simplifies the interpretation of this solution. Cluster 2 in the three-cluster solution, with the generally low score on each dimension, split to provide the bulk of the members for the fourth cluster (though some members were also drawn from the first and third clusters in the three-cluster solution). As a result, in the four-cluster solution, Cluster 2 showed less distinction from Cluster 3 along the dimensions of interface complexity and manufacturing scale. Based upon the Scheffe test results for the four-cluster solution, three of the variables appeared most critical in defining the differences between the four clusters. Consumer Perception, Interface Complexity, and Product Cost show significant differences in five of the six possible comparisons of the four clusters to one another. In addition, Product Clarity shows significant differences in four of the six possible comparisons.
In Table II , we summarize the four clusters around the two critical variables of Consumer Perception and Interface Complexity. We highlight the values for Product Cost and Product Clarity for each of the four clusters, and include examples of characteristic products in each cluster. In addition, we provide an appropriate label for each cluster. Examining each of the four quadrants of the table reinforces the intuitive appeal of the four-cluster solution. Products in Cluster 1, critical systems, are critical to consumer perceptions, exhibit complex interfaces, are very costly, and are defined primarily by performance specifications. Products in Cluster 4, invisible subassemblies, also have complex interfaces, but have a low influence on consumer perceptions. These sourced products tend to be moderately costly and are defined via performance specifications. Products in Cluster 3, simple differentiators, have low interface complexity but strong influence on consumer perceptions. These products are moderately costly and are defined via a mix of performance and physical specifications. Finally, Cluster 2, hidden components, includes marginally differentiating products with simple interfaces, which have relatively low cost and are defined via physical specifications. This segmentation framework is conceptually appealing and accordingly useful.
We also created a five-cluster solution, although it violated our first criterion (Lehman's test) for determining the number of clusters. We found that interpreting the data with five clusters and seven variables proved difficult, and the clusters showed less significant differences in the clustering and validating variables, so that our remaining criteria were also not met. Accordingly, we decided that the four-cluster solution was the most logical and practically appealing.
C. Predictive Validity
As is standard procedure in cluster analysis, we tested the predictive validity of the four-cluster solution by examining differences in the mean values of the validating variables across the four clusters. As expected, we found statistically significant differences in some variables, and limited differences in others. The trends we observed with the validating variables further increased our confidence in the four-cluster solution. Fig. 5 documents the mean values of the validating variables across the four clusters.
1) Customer Decision Variables:
We had hypothesized that suppliers of more complex, differentiating products should be brought into the design process earlier than those of less complex, less differentiating products. We found that for Supplier Involvement Timing, the mean values for each cluster rank ordered as expected, with suppliers of critical systems (Cluster 1) involved earliest and those of the much simpler hidden components (Cluster 2) last. However, only the two extremes demonstrated statistically significant differences. We also found that greater impact on consumer influence shifted products toward relatively earlier timing. We hope that the segmentation framework resulting from this research will contribute to making the timing decision more explicit in the future.
We had hypothesized that a cluster consisting of simple, low-cost products with limited influence on the consumer would show a significantly lower level of Product Line Complexity. Though the mean values reflected the expected behavior, the means were not significantly different. Such a pattern remains logically appealing as a means to reduce complexity cost for unimportant parts, and should be an objective emerging from explicit use of the new segmentation model. This result suggests that vehicle manufacturers may be practicing suboptimal variety management strategies.
We found no statistically significant differences in Design Philosophy across the four clusters. While we had anticipated that OEMs would take the lead in designing consumer critical products that could be viewed as core competencies, we observed no significant differences. This suggests that manufacturers in our data set have no distinct philosophies on who should take the lead in design, for different types of sourced products.
2) Supplier Performance Metrics: As expected, hidden components, which included less differentiating low-cost simple components, displayed significantly lower warranty costs than the other clusters.
We had recognized that the respondents, especially product engineers, would have difficulty accurately estimating supplier profitability. Nonetheless, we had hypothesized that products with a high degree of performance specification clarity and a high rate of technological change could be "value priced" and would therefore achieve higher margins. We found no statistically significant differences in supplier profitability.
We had hypothesized that the clusters would not differ significantly on delivery reliability because design characteristics should not drive delivery performance. As expected, we found no significant differences in the mean values.
Since most automotive companies hold suppliers to common ppm defect rates, we had hypothesized that this variable would not be significantly different across the clusters. However, we had reasoned that, if one of the clusters consisted of aesthetic products such as body panels, it might show significantly lower incoming quality due to the higher likelihood of physical PRODUCT DEVELOPMENT blemishes in such products. Interestingly, we found that all of the clusters reflected high quality rankings, and Cluster 2, hidden components, made up of less differentiating, low cost, simple components showed a significantly higher incoming quality ranking than Clusters 1 and 4 (critical systems and invisible subassemblies) comprised of complex systems. This finding is complementary to our original hypothesis.
V. IMPLICATIONS FOR SUPPLIER ROLES
Practical usefulness remains the ultimate test for our segmentation framework. Does it provide greater clarity on the appropriately different roles of suppliers of different sourced products in product development? Based upon our experience working with executives and engineers in automotive product development, we conclude that the segmentation helps clarify the roles for suppliers in product development. For the four Clusters that emerged from our framework, we summarize differences along five key dimensions, in Table III . Differences along the first three dimensions (design integration, involvement timing, and types of specifications) were strongly supported by our data set. Differences along the remaining two dimensions (product line complexity and design philosophy) were unsupported, but we have included them as prescriptive recommendations. That these differences did not emerge may be indicative of the fact that we were not looking only at "best practice" companies. We discuss differences along all five dimensions below.
We found that products in each of the four clusters require different levels of design integration with other parts of the vehicle, due to significantly different levels of interface complexity. Complex systems require the greatest integration due to multiple and complex interfaces, while hidden components and simple differentiators require relatively little integration. We found that the timing of supplier involvement also varies significantly across the clusters. From our analysis, we infer that this may be partly due to differences in the level of design integration, and partly due to differences in the degree to which the products influence end consumer perceptions. We found that in Cluster 2 (hidden components), suppliers are involved significantly later than in Cluster 1 (critical systems). While simple differentiators and invisible subassemblies also showed early involvement, we hypothesize, as described in Table III that the specific type of involvement may differ (further research will be needed to test this hypothesis). We found significant differences in the types of specifications passed from OEMS to their suppliers, across the four clusters. Even when focusing on only the two clusters of more differentiating products, critical systems are defined via performance specifications, while simple differentiators are defined via physical specifications. Amongst the two clusters of less differentiating products, the relatively complex hidden subassemblies are defined via mixed specifications, while the simpler hidden components are defined via physical specifications.
We found no significant differences in product line complexity across the four clusters. However, based on examining the types of products in each cluster, we would expect differences as summarized in Table III-in this case actual practice does not seem to follow a rational approach. We also found no significant differences in design philosophy, which could range from in-house to "black box" design, with all four clusters centering on iterative "gray box" design. This is surprising given that our two most disparate groupings are quite similar to the two extreme segments in the Kamath and Liker [14] framework: our critical systems and hidden components align with the partner and contractual supplier roles identified by these authors. Since our empirical data included OEMs and suppliers from different regions, while their case studies focused on Japanese companies, this suggests that clear-cut design philosophy on design leadership may be less prevalent outside Japan. In Table III , we vary design philosophy by combining elements from the findings of Kamath and Liker [14] with a logical analysis of what would be an appropriate philosophy for each of our empirically determined groupings. In what follows, we summarize the four emergent roles for suppliers in product development.
Critical systems, such as a complete climate control system, require the greatest degree of integration with other products in the vehicle product development process. Since such products represent a big portion of vehicle cost, dramatically influence consumer perceptions and have many complex interfaces, supplier involvement should start early with continuous iteration of the design. Since they tend to be expensive, only one or at most a few variants should be used for a given vehicle, but because the products heavily influence the consumer they may be uniquely tailored to the particular vehicle to optimize performance. Since such products are critical, expensive, and complex, they should logically be a core capability for the vehicle manufacturer, and be designed internally. However, given the actual evolution of the industry over the last two decades, external suppliers have become the true experts for many critical systems. Accordingly, vehicle manufacturers may appropriately employ internal or external design sources-but always a true expert.
Hidden components represent the other end of the spectrum. Hidden components, such as a filler tube or a door lock, require limited integration because they have such a low impact on the vehicle: simple interfaces, low consumer influence, and low cost. In fact, these products may be "catalog standards" which the vehicle designer simply selects to meet the needs of the vehicle. However, even when custom-made for a particular vehicle, these products are dealt with much later in the design process-and are forced to fit with the more critical parts and systems. Since such products have limited consumer impact, the vehicle designer typically should not see a need for multiple versions, unless multiple versions of another component or assembly force changes in the vehicle that have to be accommodated by the hidden component.
Invisible subassemblies, such as a wiring harness or ignition control, share characteristics of both hidden components and critical systems. Given the higher cost of invisible subassemblies, the vehicle manufacturer needs integrate their design decisions in financial planning-particularly early on, when key tradeoff decisions are made. Like hidden components, the invisible subassemblies do not drive the vehicle design, but must adapt to the critical systems. However, due to their high impact on costs, vehicle manufacturers should try to lower costs by using standard configurations across many vehicles.
Simple differentiators, such as an integral steering column or a bumper facia, represent another unique combination. Given their high consumer influence, these products must be considered early in the vehicle development process to ensure optimal tradeoffs. Given the simple interfaces, however, we believe that once design decisions are made the design involvement tapers off. These products should have many versions since the cost is low but consumer impact is high. From a design ownership perspective, we believe that the vehicle designer should take strong ownership at the conceptual stage but allow the supplier to take over as the process progresses.
A. Limitations
Although our exploratory study adds to what is known about the role of suppliers in product development, it has several limitations. First, we obtained multiple responses from several survey respondents, and single responses from others. While we detected no apparent bias, it is possible that this may have affected the results. In addition, our sample combined responses from both engineers and engineering managers, and from respondents at supplier firms as well as OEMS. Of the 50 usable responses, 19 were vehicle manufacturers, 25 were first tier suppliers, four were second tier suppliers, and two were "other." While this mix reduced the uniformity of the sample, we were unable to analyze each subsample separately due to the small sample sizes. Further, since it was an exploratory study and the first use of this survey, we were unable to check for reliability of the survey questions. In addition, we did not examine the nature of supplier involvement in prototyping, an important milestone in the development process.
VI. CONCLUSION
Though exploratory in nature, this research provides insight into how product characteristics can influence supplier roles in product development. The four-cluster model provides an intuitively appealing segmentation that could be useful in articulating specific, differentiated roles for suppliers. Clearer definition of differentiated roles can help practitioners more effectively leverage supplier contributions to product development and avoid the overly simplistic target of across-the-board "Early Supplier Involvement."
Our empirically driven segmentation builds on the case-research based framework of Kamath and Liker [14] , contributing to an improved understanding of supplier roles in product development. Our findings broadly corroborate their framework. Unlike Kamath and Liker [14] , and other existing research in this area, we examined explicitly whether the degree to which a sourced product influences end consumer perceptions affects its supplier's role in product development. Interestingly, we found two distinct groupings within the more differentiating sourced products (simple differentiators and critical systems), and two within the less differentiating sourced products (hidden components and complex subassemblies) indicating that the suppliers of all differentiating (or nondifferentiating) products should not be treated alike. An important source of difference is in the way specifications are passed to suppliers. OEMs are significantly skewed toward providing detailed physical specifications to suppliers of simple differentiators, and performance specifications for critical systems, which are also highly differentiating products.
Our segmentation framework provides a basis for further research into how manufacturers can leverage supplier innovation. Detailed case studies of companies in the four identified segments would help in further defining differential roles for suppliers in product development. While many of our preliminary hypotheses about differential supplier roles were confirmed, further research is needed to verify the new hypotheses that emerged as a result of this study. For example, we observed that simple differentiators, invisible subassemblies and critical systems all show early supplier involvement. It would be useful to understand how the specific nature of this involvement differs in each case. It would also be useful to separate out "best practice" companies and examine how supplier roles vary by segment in this case. Further, it would be useful to examine what role suppliers play in prototype testing, an important milestone in product development. At a strategic level, it would be interesting to empirically examine the hypothesis that supplier profitability should vary by segment, by employing publicly available financial data rather than estimates by survey respondents.
